Abstract. Despite recognition that non-native plant species represent a substantial risk to natural systems, there is currently no compilation of weeds that impact on the biodiversity of the rangelands within Australia. Using published and expert knowledge, this paper presents a list of 622 non-native naturalised species known to occur within the rangelands. Of these, 160 species (26%) are considered a current threat to rangeland biodiversity. Most of these plant species have been deliberately introduced for forage or other commercial use (e.g. nursery trade). Among growth forms, shrubs and perennial grasses comprise over 50% of species that pose the greatest risk to rangeland biodiversity. We identify regions within the rangelands containing both high biodiversity values and a high proportion of weeds and recommend these areas as priorities for weed management. Finally, we examine the resources available for weed detection and identification since detecting weeds in the early stages of invasion is the most cost effective method of reducing further impact.
Introduction
The emphasis on non-native plant species as forage has come at a high cost to Australian rangelands in terms of weeds (Parsons and Cuthbertson 1992; Lonsdale 1994 ). In addition, many ornamental plants have found their way from botanical gardens, nurseries and suburban backyards to rangelands. Australian rangelands constitute about 70% of the Australian continent (Fisher et al. 2004; Grice 2006, this issue) and currently support hundreds of non-native plant species including a diverse range of trees, shrubs, grasses, forbs and aquatic plants, all of which are at various stages of invasion and many of which were deliberately introduced. There is, however, presently no specific compilation of weeds that impact on the biodiversity of rangelands within Australia, either currently or potentially.
Using published reports, journal papers, national priority lists (e.g. Thorp and Lynch 2000) and floristic reference texts we compiled a list of non-native naturalised species relevant to the rangelands. From this list we applied an evidence based approach to identify weeds that pose the greatest threat to rangeland biodiversity. Evidence was based on published material as well as the opinion of relevant experts (see Acknowledgments). We reviewed current information on weed distribution and identified gaps in knowledge with regards to the current and potential extents of rangeland weeds. The distribution of these species is explored in relation to Grazing Land Management Zones (GLMZ; Fisher et al. 1994) , Interim Biogeographic Regionalisation of Australia (IBRA; Thackway and Cresswell 1995) and National Biodiversity Hotspots (Department of the Environment and Heritage 2005) .
In doing so, we identify regions where the greatest gains in biodiversity conservation may occur in relation to weed management. Characteristics of rangeland weeds are examined. Finally, we review recent developments in weed identification and detection in Australian rangelands.
Determining the weeds of Australian rangelands
Weeds of relevance to rangelands have been identified by prioritisation processes undertaken for other purposes (Table 1) , such as the identification of Australia's top environmental weeds (Humphries et al. 1991) and 'weeds of significance to the grazing industries of Australia' (Grice 2006, this issue) , determination of the 'Weeds of Thorp and Lynch (2000) Identification of the need for a list of Weeds of National Significance (WONS) was a direct outcome of the National Weeds Strategy, released in 1997 (ARMCANZ 1999) . The National Weeds Strategy Executive Committee formed soon after and had the responsibility of overseeing the implementation of the strategy. They concluded that the greatest impact from weeds within Australia was related to the effect and spread of individual species. A process was put in place to prioritise weeds over a range of land uses at the national level. The criteria used to assess weeds were based on their invasiveness, impacts, and potential for spread and socio-economic and environmental values. In total 71 weed species were assessed, with the top 20 becoming officially recognised as 'Weeds of National Significance'. 2 National Environmental Alert List In 2000, the Department of the Environment and Heritage worked with experts to identify plant species that were in the early stages of establishment and had the potential to become a significant threat to biodiversity if they were not managed. 28 non-native naturalised weeds were placed on the National Environmental Alert List (Department of the Environment and Heritage 2006). 3 Grice (2002) Weeds of significance to the grazing industries in Australia. This prioritisation process was commissioned by Meat and Livestock Australia to better guide future investment in weed research and development. 119 weed species were listed as relevant to Australian grazing lands. A large portion of them occurred in rangelands. While most were of concern to the grazing industry due to their unpalatability, toxicity and competitive ability, some were also significant environmental weeds. 4 Humphries et al. (1991) A list of Australia's top environmental weeds was identified on the basis of their potential to destroy large areas or acutely threaten an ecosystem over its continental range. Within the rangelands, 31 species are identified as requiring particular attention. 5 Cunningham et al. (2003) This report identifies 117 species of sleeper weeds, defined as 'invasive plants that have naturalised in a region but not yet increased their population size exponentially' (Groves 2000) . 17 species from this list are regarded as high priority for management/eradication, five of which occur in rangelands. 6
The Noxious Weed List Prepared by John R Thorp for the Australian Weeds Committee and Australian Government, the noxious weed list for Australia contains all species recognised within specific legislation of the States and Territories. The list is based on the botanical name used in the legislation for each jurisdiction. In many instances, a plant may be known by several scientific names and common names or synonyms (Australian Weeds Committee 2004). 7 Landsberg and Crowley (2004) This study includes significant environmental weeds present in the rangelands of the Cape York Peninsula (CYP). 8 Smith (2002) Lists 82 non-native species from the wet/dry tropics. 9 Jessop (1981) Contains 110 non-native species from central Australia. 10 Cunningham et al. (1981) Lists over 400 non-native species from western New South Wales. 11 Cox (2005) Prepared for Meat and Livestock Australia, this report identifies four non-native species trialled by DPI and CSIRO at plant evaluation sites, which have a high potential to become invasive. 12 Groves et al. (2003) This report assesses the status of 2700 naturalised species in natural and agricultural systems and provides a ranking for each species based on their perceived negative impact on natural systems.
National Significance' (Thorp and Lynch 2000) Weeds of relevance to rangelands have also been identified within specific studies focused on particular groups of weeds or localities. For example Paynter et al. (2003) examined the risk that legumes pose for biodiversity and in doing so developed a list of 'Australian noxious leguminous weeds'. Similarly, Landsberg and Crowley (2004) developed a list of weeds that pose a threat to Cape York Peninsula (CYP). Groves et al. (2003) presented a list of all naturalised flora consisting of about 2700 species. The perceived negative impact of these species on natural systems was assessed using a scoring system ranging from a score of 0 ('reported as naturalised but only naturalised population now removed or thought to be removed') to 5 ('naturalised and known to be major problem at 4 or more locations with a State or Territory').
Several floristic texts relevant to rangelands included information on the geographical origins of species (e.g. Cunningham et al. 1981; Jessop 1981) and in some instances publications have concentrated on the weeds present within specific locations (e.g. Smith 2002) .
Using these resources (Table 1) we developed a list of non-native naturalised species which are known to occur in Australian rangelands. This list comprises 622 species (Appendix 1). From this list, species which were reported in the literature or by experts to have a negative impact on biodiversity were identified. Through this process, 160 non-native plant species, grouped into 94 taxa that are considered to pose the greatest threats to rangeland biodiversity, were identified (Appendix 1, Table 2 ). Where possible, nomenclature follows the Australian Plant Name Index (APNI), 1 otherwise Index Kewensis 2 is used.
Rangeland weed characteristics
Of the 94 taxa listed in Table 2 , 27% are shrubs, 26% perennial grasses, 10% perennial forbs (largely legumes), and 10% trees (Fig. 1) . Most of the perennial grasses and forbs were deliberately introduced as forage plants (Lonsdale 1994) . Features that made these species successful forage plants included being self-sustaining, quick growing, drought tolerant and prolific seeders (Low 1999) . A desirable attribute of legumes was that they were of only moderate palatability allowing them to establish a competitive advantage over cooccurring native species (Paynter et al. 2003) . The correlation between attributes associated with successful pasture plant introductions and a plant's potential to be weedy has been identified in numerous studies (e.g. Lonsdale 1994; Paynter et al. 2003; McIntyre et al. 2005) .
Studies attempting to link particular traits of plant species, such as growth form, to their potential to be 'weedy' have met with varied success (Holzner and Numata 1982; Sutherland 2004) . McIntyre et al. (2005) , in a study of herbaceous vegetation of grazed landscapes in the subtropics, found that when considering broad traits relating to growth form (forb, grass, low shrub) and life form (perennial, biennial, obligate annual) there was little to distinguish the native and naturalised assemblages. However, when the ecological (riparian v. upland) and management context (grazing, soil disturbance) was taken into account there were significant links between plant species' traits and their potential to impact native plant species richness, suggesting that attributes of invaders are highly habitat dependant and context specific (Thompson et al. 1995) . For example, in the subtropics, being a perennial, tall tussock or rhizomatous grass with a C 4 photosynthetic pathway (summer growing) was a guarantee of having a high impact on native herbaceous species richness (McIntyre et al. 2005) .
Current and potential distribution of rangeland weeds
Information on current and potential weed distributions is required to determine the extent of the impact, assess the benefit of controlling the weed relative to it expanding throughout its potential range and to inform weed management programs (Virtue et al. 2001) . Weed distribution data are generally poor in quality and quantity, which poses significant limitations on weed mapping efforts. The most comprehensive mapping effort is that of Parsons and Cuthbertson (1992) who mapped the known presence of over 200 of Australia's noxious weeds using 0.5 degree latitude by 0.5 degree longitude grid units (about 50 by 50 km). In addition to information compiled by Parsons and Cuthbertson (1992) , published data from small-scale field surveys, point location data (e.g. herbaria records) and expert opinion were used to produce the 'current distribution' maps for WONS (Thorp and Lynch 2000) .
The potential distributions of weed species are generally inferred from knowledge of their environmental requirements, namely climate and soil type, as well as the land use associated with its invasion (Virtue et al. 2001) . Climate is generally the driving factor used in most distribution prediction software (Kriticos and Randall 2001) , whereas the use of soil data to refine predicted distributions is not well developed due to limited understanding of weed soil tolerances (e.g. drainage, water-holding capacity, pH, chemical fertility), particularly for non forage weed species.
The 'potential distribution' maps for WONS were prepared by employing the program CLIMATE which uses climatic information from the weed's native range to match against Australian climatic conditions (Virtue et al. 2001) . This heavy reliance on climatic factors alone has led to some unrealistic predicted distributions of WONS (J. Thorp, pers. comm.) . Since Thorp and Lynch's (2000) publication of 'current and potential' distribution maps for weeds considered for WONS listing, 'current distribution' Table 2 . Non-native plant species which pose a threat to rangeland biodiversity This list has been compiled using references described in Table 1 . The Grazing Land Management Zones (GLMZ; Fig. 2 ) in which each species occurs or has the potential to occur are listed, n/a denotes data are not available, '0' denotes species not currently present in GLMZ and a dash (-) denotes the species is predicted to spread within the same GLMZ that it currently inhabits. The National Biodiversity Hotpots (Fig. 4 ) in which a species is known to occur are listed CLIMEX examines the association between weed species' geographical, seasonal and inter-annual performances, using 'survival thresholds' to generate potential distributions (Kriticos and Randall 2001) .
Approximately 30% of the species listed in Table 2 
Distribution of rangeland weeds
The Australian continent is divided into 85 Interim Biogeographic regions (IBRAs), 53 of which occur in the rangelands. IBRAs form the basis of reporting units for assessing the status of Australia's native ecosystems (Thackway and Cresswell 1995) . Grazing Land Management Zones (GLMZ) are amalgamations of IBRAs based on biophysical characteristics, land uses, land modification, and stocking characteristics within the rangelands (Fisher et al. 2004 ; Fig. 2 ; Table 3 ) and provide a useful framework for the management of rangelands. The distributions of weeds that pose a threat to biodiversity in relation to GLMZ (Table 2) are shown in Fig. 3 . Overall GLMZ 10, Highly Modified Rangelands 2, Tropical Savannas and 4, Einasleigh and Desert Uplands contain the highest numbers of weed species that threaten biodiversity (Fig. 3a) . The number of species relative to the area occupied by each GLMZ is shown in Fig. 3b . are having an enormous impact on biodiversity (Braithwaite et al. 1989; Rossiter et al. 2003) . Australian Biodiversity Hotspots (Fig. 4) (Table 2) across Grazing Land Management Zones (GLMZ, Fig. 2) , a) Number of weed species in each GLMZ, and b) Number of weed species within each GLMZ per million ha, where 1, Arnhem Land and Tiwi Islands; 2, Tropical Savannas; 3, Mitchell Grass Downs; 4, Einasleigh and Desert Uplands; 5, Arid Deserts; 6, Central Australia Cattle Grazing; 7, Pilbara, Extensive Cattle Grazing in Tussock and Hummock Grasslands; 8, Southern Australia Sheep and Cattle Grazing; 9, Extensive Sheep Grazing; 10, Highly Modified Rangelands.
threat from impacts such as land clearing, development pressures, salinity, weeds and feral animals (Department of the Environment and Heritage 2005). Fifteen biodiversity hotspots were announced in 2003; five of these occur in the rangelands (Fig. 4) . The North and South Brigalow and the Einasleigh and Desert Uplands contain the highest numbers of weed species, 42% of which are found in both regions. Half as many species occur in the Carnarvon Basin (Fig. 5) . Biodiversity hotspot No. of weed species Fig. 5 . Number of weed species that pose a threat to biodiversity that occur across five national biodiversity hotspots (Fig. 4) 
Weed identification resources relevant to Australian rangelands
Preventing weeds from establishing in new areas is widely recognised as the most cost effective method of reducing further impacts of weeds (Vitelli 2000) . In order to do this, weeds have to be detected and correctly identified while in the early stages of invasion. The most appropriate course of action can then be implemented based on the existing information known about the plant. Information to assist land managers with the detection and identification of non-native weeds, including those present within rangelands is increasingly available in both hardcopy and electronic formats via the World Wide Web. Much of this information has traditionally been provided through textbooks and from the departments responsible for weed management within the respective States and Territory.
A range of books provide pictures and illustrations to help with identification of weeds. Some of these are specific weed publications (e.g. Sainty and Jacobs 1988; Auld and Medd 1992; Muyt et al. 2001) , while others are descriptions of the flora of specific regions and include the non-native species that are present (e.g. Cunningham et al. 1981; Jessop 1981) .
The quantity of information provided by respective State and Territory departments varies markedly and is dependant on the level of resources allocated within these organisations to weed related issues. In some jurisdictions there is a critical mass of dedicated staff working solely on weeds, while for others, weed management is just one of several activities undertaken as part of the day-to-day work program of a small group (Martin and van Klinken 2006, this issue) . The level of information provided is significantly greater for those where extension specialists and desktop publishing expertise are available (e.g. Queensland, Northern Territory).
The production of information brochures on key weed species is the most common extension tool (e.g. In recent times, several local Government Authorities and Regional Natural Resource Management Bodies have employed staff members who can offer assistance in identification and management of weeds within their areas of jurisdiction. Where such staff have been appointed, there appears to have been a marked increase in the level of detection of new outbreaks and this is probably most directly linked to the smaller areas for which these officers are responsible.
The Australian Quarantine and Inspection Service (AQIS) has also been proactive in undertaking surveillance activities for new introductions. AQIS staff training involves travelling to neighbouring countries to examine first hand the species that might enter Australia. Identification information on these species is collated and then used as a reference guide as they travel within Australia undertaking surveillance activities.
Since the implementation of the National Weeds Strategy in 1997 several National programs have been initiated to minimise the impacts of weeds in Australia (Martin and van Klinken 2006, this issue) . Many of these have either directly or indirectly resulted in improved detection and identification of weeds and include the Weeds of National Significance Program, the establishment of a National Environmental Weed Alert List, the production of a series of National Weed Identification Cards, the production of a Weed Australia Web Site and associated Weed Identification and Information Web Tool, a CD-ROM based identification and information system for the declared plants of Australia and a Pilot National Weed Detection Project. The following sections briefly summarise each of these in terms of their impacts on improving weed identification.
Weeds of National Significance
The establishment of 20 Weeds of National Significance (WONS) has seen a marked increase in availability of information to assist in their identification (Thorp and Lynch 2000) . A range of extension products has been developed for individual species, including weed management guides for all 20 WONS 4 and Best Practice Manuals for prickly acacia, parkinsonia, mesquite (Prosopis spp.), lantana (Lantana camara), parthenium (Parthenium hysterophorus) and rubber vine (Cryptostegia grandiflora). Some multispecies extension material has also been produced where there has been an identified need to distinguish between species with similar growth forms or species within the same genera. For example, the woody weeds prickly acacia, mesquite and parkinsonia and, to a lesser extent, giant sensitive plant (Mimosa pigra) are sometimes confused with each other. People located within the regions where these weeds are found can generally readily identify them based on some key attributes, but it is more difficult for people who are less familiar and are trying to detect them as part of surveillance activities.
As well as using extension material, a successful activity has been to show relevant people what weeds look like in the field. In some instances this has involved interstate travel for small groups but it has usually paid immediate dividends upon their return, with new infestations being found in some states. For example, in Western Australia there were no known infestations of prickly acacia before 2002. A visit by the Queensland based coordinator for the National Prickle Bush Management Group (prickly acacia, mesquite and parkinsonia) resulted in the positive identification of a plant just inside the Western Australia/Northern Territory Border. Soon after, another plant was found in a holding paddock at the Kununurra quarantine yards. Before destroying the plant, government officers involved in weed management inspected it to get a better understanding of what to look for when travelling around their regions of responsibility. Not long after, one of the officers found a large infestation (greater than 1000 ha) near Wyndham in the East Kimberley Region. Similar incidents have occurred in New South Wales, with several new parthenium, mesquite and parkinsonia infestations being found following the training of weeds officers (N. March, pers. comm.).
National Environmental Weed Alert List
The National Environmental Weed Alert List is a compilation of 28 plant species in the early stages of establishment, but which have the potential to become significant threats to biodiversity if they are not managed. For all of these weeds, management guides, similar to those for the Weeds of National Significance, have been produced. 
National Pocket Guide for Weed Identification
There are several weed related textbooks available to assist with identification, but they are generally cumbersome and unsuitable for field situations. To enhance the detection of weeds by on ground land managers, small durable booklets that can be easily transported and carried in vehicles, have been produced. Often referred to as pocket guides, these booklets are aimed at field identification of weeds with textbook quality pictures and key identification traits customised for specific areas. This material does not replace formal identification methods but should improve early detection of serious weed problems. Examples of guides produced include Plants of the New South Wales Rangelands (Brooke and McGarva 1998) To make the compilation of these guides easier and to give consistent information, a 'National Pocket Guide for Weed Identification Project' was initiated by the National Weeds Executive. The consultancy group, Sainty and Associates Pty Ltd, were given the responsibility of producing individual weed identification cards for species considered to be important in Australia. Presently there are in excess of 170 species for which cards have been prepared and these are being used to produce identification decks of temperate, sub-tropical and tropical weeds. For a fee, any organisation can now request identification booklets be produced that are specific to their region, catchment or local government authority requirements. This product is marketed as 'WEEDeck'.
Weeds Australia Web Site
A Weeds Australia Website 6 has been created by the Australian Weeds Committee to promote access to key weed policies, regulations, current issues, national initiatives, research, extension, training and personnel. On this site, a weed identification tool has been provided and is based on the WEEDeck card series. Users first select the State or Territory of interest and then delve further by pin pointing an 'area of interest' on the map provided. This allows the major weeds that are of current or potential importance to be listed for any Biogeographic (IBRA) region. The weeds can be grouped into growth forms, such as, herbs, grasses, shrubs, trees, vines or water plants. For each weed listed, identification photos, current and potential distributions, descriptions of plant attributes and distinguishing features such as dispersal mechanisms, are provided.
Declared Plants of Australia: an identification and information system
Declared Plants of Australia (Navie 2004 ) is an interactive CD-ROM that helps with the identification of over 300 declared species and an additional 500 species that occur in Australia. Declaration of pest plants under state legislation imposes legal responsibility for control on landholders and landholding agencies, and so it is important that tools are available for identification of relevant weeds. Using the proprietary Lucid TM identification system, users can navigate through the CD content in any way that suits their specific information or identification needs. It is not necessary to have an extensive taxonomic or botanical background, because illustrations of plants and key plant features are provided to assist the identification process. Once the plant has been identified information is provided on aspects such as distribution, legislation and management.
Establishing a National Weed Detection Network
Traditionally, most new weed incursions have been found by a small number of people skilled in taxonomy and/or botany. If more people were proactively looking for eradicable weeds it is likely that infestations would be found earlier and at stages when they may be more manageable and perhaps eradicable. This is happening to a degree with many landholders being encouraged to look out for plants that 'don't belong' and to seek their identification. The Weeds CRC, in collaboration with the Queensland Herbarium (Environmental Protection Agency) and the Queensland Department of Natural Resources, Mines and Water, is currently piloting a 'National Weed Detection Project'. The main objective of the project is to build a better incursion detection capability in regional Australia by harnessing and fostering community interest and skills in invasive plants, and assisting herbaria to play a supporting role.
Conclusion
The biodiversity of Australia's rangelands are under threat from a large number of non-native naturalised plant species. We report on 622 non-native naturalised species in the rangelands, of which twenty-five percent are considered to pose a serious threat to rangeland biodiversity. Of these, over half comprised perennial grasses and shrubs. Several of rangeland Australia's most serious environmental weeds are non-native, perennial pasture grasses [e.g. buffel grass (Cenchrus ciliaris); Fairfax and Fensham 2000] that have not been included in national prioritisation lists due to conflicting views regarding the benefits and costs of these species. This has in turn reduced the opportunities for government funding for research, extension and control activities through programs such as the National Heritage Trust (Martin and van Klinken 2006, this issue) .
To date, the current and potential distributions of only 30% of species that pose a threat to biodiversity (Table 2) have been mapped comprehensively at the national scale. There is an urgent need to map the current and potential distributions of all remaining species. Based on the maps that are available, we identified areas containing the most weeds and the most susceptible locations in terms of biodiversity. The Grazing Land Management Zones (Fig. 2) Einasleigh and Desert Uplands, Highly Modified Rangeland (Brigalow North and South), Tropical Savannas, and Arnhem Land contain the most weeds that pose a threat to biodiversity. The two former GLMZs are also national biodiversity hotspots. These areas should be considered priorities for weed management, although the number of species is only one measure of the potential impact of non-native species on biodiversity.
Fortunately, there is an increasing suite of tools and initiatives being implemented to improve the ability to detect and identify weed infestations across rangeland Australia. However, some jurisdictions are more advanced than others in their development and adoption of tools (Martin and van Klinken 2006, this 
